INTRODUCTION
In this article, we elaborate some of the NYC results reported by Chillrud et al. 1 and describe an ongoing pilot study that is focused on investigating dose-response relationships of steel dust elements in transit workers. Transit workers, because of their work-related activities in the subway system, are likely to have appreciably higher airborne exposures to these metals than the commuting public. Steel dust exposure in the NYC subway system has been of concern to subway workers and transit police for decades. 2 As one of the largest subway systems in the world, the NYC subway environment could provide important information relevant to evaluating the potential for health effects from exposures to airborne metals.
As recognized by the United States Clean Air Act Amendments of 1990, there is increasing concern about potential effects of low-level airborne metal exposure on cancer, 3, 4 neurodegenerative, 5, 6 respiratory, and cardiovascular diseases. 7, 8 Steel dust can provide an important pathway of airborne exposures for iron (Fe), manganese (Mn), chromium (Cr), and several other metals, depending on the type of steel. Results reported by Chillrud et al. 1 strongly suggest that steel dust exposures obtained while commuting via the NYC subway system substantially increased airborne exposure levels of Fe, Mn, and Cr among high-school students in NYC.
Relatively, few studies have been published on air pollutants found in underground subway systems, but they consistently show elevated particle levels. Levels of fine particulate matter less than 2.5 µm in mean diameter (PM 2.5 ) in the London and Stockholm subway systems have been reported to be very elevated (in the hundreds of micrograms per meter cube). [9] [10] [11] [12] Elevated Fe has also been reported for a small number of air samples from subway systems in London, Stockholm, Washington, DC, and Tokyo. 9, [12] [13] [14] Time spent in the subway environment was reported to be the strongest predictor of personal Mn levels for a study population of over 800 subjects in Toronto 15 and was also found to be important for Mn exposures of London subway riders. 16 Reports available on the web for the London Underground (http:// tube.tfl.gov.uk/content/about/report/dust_reports.asp) refer to various data sets collected over 20 years on London Underground Dust.
Potential Health Effects
Iron exposure together with other transition metals has been speculated to influence a host of negative health outcomes related to its ability to generate free radicals in the body. 7, 17 Disorders in Fe metabolism, either systemically or locally in the brain, have been linked to a number of neurodegenerative diseases such as Parkinsonism, Alzheimer's disease, and multiple sclerosis. 17 Excess accumulation of Fe has been seen in basal ganglia, an area of the brain that controls body movement, in Parkinson's patients. It has been suggested that defects in Fe metabolism or altered Fe homeostasis may contribute, at least partly, to the etiology of Parkinsonism. 17 However, no epidemiological evidence of which we are aware has indicated that exposure to relatively low air levels of Fe would lead to Parkinsonism. Welders have been shown to be at greater risk for pneumonia, 18 possibly because Fe can act as a growth factor for bacteria.
The relationship between Mn intoxication and Parkinsonism has long been recognized. [19] [20] [21] [22] Health risks of exposure to Mn have been associated with organic Mn-containing pesticides, such as manganese ethylene-bis-dithiocarbamate and inorganic Mn dust or vapor among steel manufacturing workers or welders. 19 The latter occupation appears to be one of the more common sources of exposure in work settings.
Chromium is a metal known for its carcinogenesis. Past studies have shown that exposure to Cr, particularly in chrome production and chrome pigment industries, is associated with cancer of the respiratory tract. 23 Chromium in the body can form coordination covalent interactions with DNA, and this can subsequently lead to gene mutation, DNA lesions, and arrest of DNA replication. It has been shown that detection of DNA-protein complexes may serve as a useful biomarker of exposure for monitoring Cr exposure. 24 Excess cancer risks can be estimated from average lifetime exposure levels to Cr. 25, 26 On the basis of the total Cr levels observed for commuting students, life-long commuters have an estimated excess cancer risk of roughly 1 in 100,000. Subway workers can be expected to have appreciably higher exposures than the commuting public to steel dust, and thus higher estimated risks of excess cancer. Although excess cancer-risk estimates may be indicative of potential hazards faced by transit workers, there are many uncertainties associated with methods for estimating cancer risk, including that the oxidation state of Cr is important to its toxicity, with Cr(VI) being considerably much more toxic than Cr(III). 4 Most exposure studies including this one report total Cr concentrations, not segregated by oxidation state. Steel dust generated in subway environments could include a significant amount of Cr(VI), based on results of a study of fumes generated during welding of steel where most of the airborne Cr was Cr(VI). 27 Compared with total Cr, estimated excess cancer risk from Cr(VI) may be as much as 10 times higher for an equivalent exposure level.
26,28
Prior Results on High-School Students' Personal Air Samples The study design and methods of an earlier NYC subway study we conducted are described in more detail elsewhere. 1, 29 High-school students from NYC were monitored for fine particulate matter in both winter 1999 (n = 38) and summer 1999 (n = 41). Sampling was carried out simultaneously over 48-hour periods at several locations: (1) inside the home, (2) outside the home, (3) on the person, and (4) at two fixed sites (urban and upwind of NYC). More than half of the students reported riding the subway for some portion of the 48-hour monitoring periods.
Cumulative frequency distributions of metal concentrations by sampling environment revealed that several metals had significantly higher concentrations for personal samples than for the other sample types. This enrichment was particularly large for several elements including Fe, Mn and, Cr (Fig. 1A , B, and C).
Particulate concentrations of Fe and Mn (mass of metal per mass of PM 2.5 ) were strongly correlated for each type of sample. The least squares regression slope of particulate Fe on particulate Mn concentrations (R 2 =0.98) for personal samples was 104, approximately twice the ratio of 55 that is representative of average crustal material (i.e., typical dirt), 30 suggesting a noncrustal source. Home indoor and ambient outdoor air samples had Fe/Mn slopes similar to crustal material ( Fig. 2A  and B) . For particulate concentrations of Cr and Mn, the slope of the personal samples (0.33) was three times the crustal ratio of Cr to Mn. 1 In October 2001, two personal samplers and a particle counter were carried into the NYC subway system for approximately 8 hours to collect a single set of duplicate PM 2.5 samples that integrated roughly 5 hours in underground subway stations and about 3 hours in subway cars. The average ratio of Fe to Mn and Cr to Mn for the duplicate subway samples was 107 and 0.34, respectively, consistent with subway air being the predominant source of Fe, Mn, and Cr in the elevated personal samples of urban students ( Fig. 2A) .
Particle-counter data on several aerodynamic size ranges > 0.3 µ m indicated that particle numbers within air conditioned subway cars were roughly 10% to 25% of levels in subway stations depending on the aerodynamic size range being counted, suggesting that filtration provided by subway air conditioners is very effective in reducing particulate concentrations within the subway cars.
Iron, manganese, and chromium which were the most enriched in subway air compared with outdoor air samples (Fig. 3) , are present in significant concentrations in many types of steel. Steel dust may be rendered airborne by friction erosion of subway rails, wheels and brushes as hypothesized by others. 15, 16 The airborne subway levels of these three metals were more than 100 times greater than levels observed in home indoor or outdoor settings in NYC. 1 Nickel was not elevated in the subway samples relative to the enrichment factor for PM 2.5 (Fig. 3) , which together with the Fe, Mn, and Cr data indicates that the steel used in the NYC subway system is similar to steel type "AISI-SAE 5046H." 31 Additional elements measured in the subway duplicate samples that were enriched above median outdoor air levels by an order of magnitude or more include Al, Cu, Sn, Ag, Sb, and As; potential subway sources of many of these elements include contact points for electrical relays and switches, composite-metal break pads, and trace contaminant levels in some types of steels. Figure 4 shows that students who did not ride the subway had personal exposures of Mn very similar to the levels measured in ambient and home indoor environments, whereas the students who rode the subway had levels of Mn that were significantly elevated above levels in ambient and home indoor settings. The same trend was observed for Fe 1 and Cr. All of the data above suggest that the subway system represents an important source for chronic exposures to airborne metals. From the point of view of the commuting public, the total population exposed is large (millions per day), and the total length of exposure could represent decades of daily commuting. However, many transit workers in the subway could have appreciably higher exposures to steel dust than commuters because of greater time within the subway system as well as explicit work-related activities. For example, maintenance and repair activities can potentially increase workers' exposure to steel dust. 
Pilot Worker Study
Two aims of this study were to explore the range of personal exposures to Mn, Fe, and Cr in the subway environment, and to determine whether there is an association between these exposures and the concentration of these metals and their metabolites in the blood and urine of exposed individuals. Forty transit workers with job duties that are anticipated to have high, medium, low, and little to no exposure to steel dust in the subway system are being recruited to participate in the study. The airborne exposure of each subject is measured by using a personal airsampling device that is carried during work hours throughout one to three work day(s). Currently, we have recruited and monitored roughly half of the study population and predict completing the fieldwork phase of the study by February 2005. At the end of the study period, concentrations of biomarkers of Mn, Fe, and Cr exposure will be measured in blood and urine to compare with the metal concentrations in the personal air samples.
Methods and Analyses
Personal air sampling, stationary air sampling, and questionnaires are being used to characterize steel dust exposure levels associated with different job titles, activities, and locations. The personal sampling involves the use FIGURE 4. Distribution of airborne manganese (Mn) in subsets of personal samples, home outdoor samples, and home indoor samples collected in winter and summer field seasons, where personal samples were broken into three subsets dependent on self-reported commuting activities during air monitoring. The number of measurements in each category is given in the x-axis labels. The solid line represents the median, the dashed line represents the average (when different from median), and the box top and bottom represent the 75th and 25th percentile concentrations, respectively. The tips and tails of the whiskers represent the most extreme data point within an inner fence (not marked on diagram) located at 1.5× the interquartile range. Filled circular symbols show moderate outliers or data points that are located between the inner fence and an outer fence defined as 3× interquartile range. Open circular symbols show extreme outliers defined as data points beyond the outer fence.
of a portable, battery-operated pump housed in a customized under-the-arm harness. Stationary samplers (filters and particle counters) are placed at selected locations in the subway system for comparison with the steel dust levels measured by personal samplers and to stationary NYC samplers located above ground. Exposure levels and elemental ratios in both personal and stationary samples will be compared. After personal monitoring is completed, each participant is requested to fill out a questionnaire on work environment and activities during a "typical" workday; additional questions address job history, commuting habits, diet, lifestyle characteristics such as engaging in smoking, alcohol, and caffeine, and use of over-the-counter and prescription medications which could affect analyses. Participants are also asked questions to briefly describe their activities during each of the days monitored to determine how that day's work activities (and thus exposure levels) compare with a "typical" workday.
At the end of the personal air sampling, participants are requested to provide samples of urine and blood. Samples are collected in trace metal clean vials and transferred in coolers to the laboratory where they are processed for storage at −20°C until analyses on all 40 subjects can be performed together. We will measure urine and whole-blood concentrations of Mn and Cr. We understand that blood Mn may not serve well as a biomarker for Mn body burden, but it could serve as an indicator of recent exposure. We are not aware of any prior study that has quantified the absolute amount of Mn absorbed after airborne exposure in either humans or animals. 32 Biological samples will also be tested for lead, biomarkers of oxidative stress, and evidence of chromium-induced DNA damage. No enrichment of lead in the subway environment was found in our limited prior sampling. However, as workers have expressed concern about lead exposure, we have decided to include it among our analyses. Oxidative stress may result from the redox potential of transition metals such as Fe, Mn, and Cr. Biomarkers of oxidative stress that may be targeted include 8-oxo-dG (white blood cells and urine) and an assay for oxidized protein (plasma). We will also analyze blood samples for evidence of chromium-induced DNA damage based on tests for DNA-protein cross linking. Because blood Fe levels are strongly regulated, we do not plan on measuring Fe concentrations. However, we will explore the use of Fe isotopes measured in blood samples as a potential indicator of the source of Fe in the blood. 33 Cotinine levels in the blood will also be measured to control for possible exposures to metals in environmental tobacco smoke. Creatinine will be measured in urine to control for degree of hydration. Synchrotron analysis may be used to determine the oxidation states of Fe, Mn, and Cr in airborne particulate matter samples.
Eligibility and Expected Results
To minimize intersubject variability of Fe, Mn, and Cr biomarker concentrations due to factors other than recent airborne exposure to steel dust, we developed the following inclusion/exclusion criteria: (1) subjects must not have smoked during the past 6 months; (2) subjects must have worked continuously for the past two years with no continuous absence greater than one month within the last 6 months; (3) subjects must have maintained the same job title (duties) for the past year and must not routinely wear respirators; and (4) subjects must be male. If the study demonstrates a measurable association between personal airborne exposure to steel dust and the levels of different biomarkers of Fe, Mn, and Cr in the biological samples, we plan to investigate these relationships further.
DISCUSSION
Concentrations of steel dust metals observed in NYC subway air and other metro systems around the world fall between outdoor air levels and current Occupational Safety and Health Administration guideline values, above which toxic health consequences may be expected. For example, air concentrations observed for Fe, Mn, and Cr in the single set of duplicate PM 2.5 samples from the NYC subway are more than two orders of magnitude above ambient NYC levels but three orders of magnitude lower than the Occupational Safety and Health Administration's permissible exposure limit guideline concentrations. As far as we are aware, health effects have not been investigated at these intermediate levels and are thus unknown. The health effects discussed in the introduction are based on epidemiological or mechanistic laboratory studies of Fe, Mn, and Cr at levels that far exceed those currently measured in the subway environment.
Our pilot project of NYC transit workers does not explicitly address health issues of these metals. Rather, it is designed to better define exposure pathways of Mn, Fe, and Cr in the subway environment and to determine whether there is any significant correlation between exposure levels based on personal air samples and changes of potential biomarkers in blood and urine.
CONCLUSIONS
On the basis of job duties and limited sampling to date, subway transit workers are expected to have appreciably higher exposure to steel dust than the commuting public who were previously monitored and shown to have enhanced exposure to Fe, Mn, and Cr that originate from steel dust in the subway system. We are currently recruiting and monitoring forty subway workers with the goals of better understanding the exposures of the workers to steel dust and investigating potential biomarkers of exposure.
